The goal of this review is to present the state of the art in imaging tests for the diagnosis of acute appendicitis. Relevant publications regarding performance and advantages/ disadvantages of imaging modalities for the diagnosis of appendicitis in different clinical situations were reviewed. Articles were extracted from a computerized database (MEDLINE) with the following activated limits: Humans, English, core clinical journals, and published in the last five years. Reference lists of relevant studies were checked manually to identify additional, related articles. Ultrasound (US) examination should be the first imaging test performed, particularly among the pediatric and young adult populations, who represent the main targets for appendicitis, as well as in pregnant patients. A positive US examination for appendicitis or an alternative diagnosis of possible gastrointestinal or urological origin, or a negative US, either showing a normal appendix or presenting low clinical suspicion of appendicitis, should lead to a final diagnosis. A negative or indeterminate examination with a strong clinical suspicion of appendicitis should be followed by a computed tomography (CT) scan or alternatively, a magnetic resonanace imaging (MRI) scan in a pregnant patient. A second US examination in a patient with persistent symptoms, especially if the first one was performed by a less experienced imaging professional, is a valid alternative to a CT.
INTRODUCTION
Acute appendicitis is the most common diagnosis suspected in patients presenting in emergency rooms with acute abdominal pain, and is the most common indication for an urgent abdominal intervention. Yet, it is difficult to diagnose based solely on the patient's medical history, physical examination, and laboratory findings. Gastrointestinal and urogenital disorders are appendicitismimicking conditions. In a pregnant patient, appendicitis is the most common cause of surgery-requiring abdominal pain. Both delayed and unnecessary interventions may lead to adverse fetus outcomes. [1] [2] [3] A mean negative appendectomy rate of 26% (16-47%) have been reported when the diagnosis is based only on clinical and laboratory findings, dropping to 6-10% when imaging is performed. [4, 5] Therefore, the use of imaging modalities is critical to confirm the diagnosis, when facing a clinical suspicion of appendicitis.
Currently, there is no uniform protocol regarding the use of imaging tests, with some centers starting with ultrasound (US) and others with computed tomography (CT), according to their availability and local experience. Hence, there is a need for guidelines regarding the optimal patient-tailored imaging modality to begin with, and an algorithm for determining further imaging procedures.
Meta-analyses of CT and US in the diagnosis of appendicitis were published by researchers from the University of Amsterdam, based on articles published between January 1994 and February 2006, [6] and from the University of Toronto, based on publications from 1986 to 2004. [7] In the present review, data from relevant articles on appendicitis imaging published from February 2006 to March 2011 was retrieved from a computerized database (MEDLINE).
The aim of this review is to analyze the diagnostic capabilities of US, CT, and MRI in patients suspected of suffering from acute appendicitis, based on articles published in the last five years.
Gray-scale graded compression and color Doppler ultrasound examination
High-resolution linear array transducers with harmonics and compound capabilities in modern US systems allow optimal definition of the structures at the right lower quadrant. In obese patients, a convex array lower frequency transducer may be needed to achieve better penetration. Bowel wall and peristalsis, Iliopsoas muscle, iliac vessels, mesenteric fat, and mesenteric lymph nodes are clearly defined.
The normal appendix can be visualized from the base of the cecum as a blind-ended, gut-pattern aperistaltic tubular structure, with a wall thickness of 2 mm or less and a 6-7 mm or less diameter [ Figure 1 ]. [8] The inflamed appendix is visualized as an incompressible, blind-ended, gut-pattern fluid-filled tubular structure, with a thickened wall, and a diameter greater than 6-7 mm. Applying graded compression with the transducer, differentiation between normal displaceable loops and the fixed inflamed appendix can be achieved. [9] Color and power Doppler may aid in the diagnosis by showing a hyperemic wall [ Figure 2 ]. Manual compression of the lumbar fossa improves visualization of appendicitis, in particular when it is retrocecal. [10] Visualization of the whole appendix is needed to detect if inflammation is localized just at the end of the appendix, known as "tip" appendicitis. When there is clinical suspicion of appendicitis, the presence of a fecalith in the appendix confirms the diagnosis [ Figure 3 ]. [11] Additional findings are pelvic or inter loop peritoneal fluid and hyperechoic inflamed mesenteric fat surrounding the appendix [ Figure 4 ]. Perforated appendicitis may be seen as an abscess in the right lower quadrant [ Figure 5 ]. The inflamed appendix is sometimes hidden by the peri-appendicular abscess. Abscesses may be drained under US guidance [ Figure 6 ]. Appendicitis-mimicking conditions of gastrointestinal and urogenital origin may be revealed on US images of the right lower quadrant [ Figure 7 ].
Multidetector computed tomography
Several approaches for using CT to diagnose appendicitis were described. They were distinguished by factors including the use of oral or rectal contrast administration of either positive, neutral, or water contrast agents and whether non-contrast or contrast exams after intravenous injection were performed. They also varied in the anatomical extension of the scan, some including the entire abdomen and pelvis and others focusing on the anatomical area, A blind-ended, gut-pattern tubular structure (arrows), with 2 mm wall thickness and 4.5 mm lumen width (cursors) is seen anterior to the right common iliac vessels on gray-scale US graded compression. Normal appendix seen in this US negative exam ruled out appendicitis. No further imaging was performed. The normal appendix is visualized as a blind-ended tubular structure exiting from the cecum, filled with contrast media or gas [ Figure 8 ]. [12] The normal diameter ranges between 6 and 10 mm, although more than 7 mm is generally considered as pathological.
The inflamed appendix is seen as a blind-ended tubular structure exiting from the cecum, without contrast or air filling, more than 7 mm in diameter [ Figure 9 ]. The presence of contrast or air from gas-forming organisms in the proximal part of the lumen does not exclude appendicitis. Additional findings such as the presence of an appendicolith, interloop peritoneal fluid, cecal wall thickening, and periappendicular fat stranding are especially useful in an indeterminate appendix [ Figure 10 ]. [13] Administration of intravenous contrast media, as a bolus injection of 80-100 cc non-ionic contrast media, allows evaluation of the appendix wall enhancement, which can be useful in borderline cases.
Alternative diagnosis of right lower quadrant pain may be achieved using CT, to determine if it is of gastrointestinal origin, such as mesenteric adenitis, intussusception, terminal ileitis, diverticulitis, epiploic appendagitis, and typhlitis, or of urogenital origin, such as ureteral stone and urinary tract infection, tubo ovarian abscess, ovarian torsion, ectopic pregnancy, hemorrhagic ovarian cyst or corpus luteum remnants [ Figures 11 and 12 ].
Magnetic resonance imaging
MRI is an alternative method to CT for pregnant patients, offering high soft tissue contrast without ionizing radiation. The imaging protocol for MRI evaluation of acute appendicitis in the pregnant population includes T1-and T2-weighted images, and has been extensively described in the literature. [14, 15] The normal appendix is seen as a tubular structure exiting from the cecum, greater than 7 mm in diameter, filled with air or contrast media [ Figure 13 ].
Acute appendicitis is seen as an enlarged appendix, greater than 7 mm in diameter, and void of air or contrast media. Signs of peri-appendicular inflammation, seen as band-like areas of high signal intensity on T2-weighted images, singleshot fast spin-echo images or fat saturation images, or the presence of an appendicolith, visualized as an intraluminal low signal intensity focus, confirm the diagnosis, especially in the borderline widened appendix [ Figure 14 ]. [16] [17] [18] [19] [20] According to the American College of Radiology guidelines for safe MRI practices, contrast agents should not be routinely administered to pregnant patients. [21] Routine use of gadolinium-based contrast agents in pregnancy is not approved.
MRI is also useful in identifying alternative sources of right lower quadrant pain in patients suspected of acute appendicitis [ Figure 15 ].
Ultrasound, computed tomography, and magnetic resonance imaging performance in the diagnosis of acute appendicitis
In two previous review studies, US and CT performance for the diagnosis of acute appendicitis were compared. [6, 7] van Randen et al selected six studies performed in Gaitini: Imaging appendicitis Figure 11 : Same patient as in Figure 8 . Alternative diagnosis to appendicitis: right lower quadrant appendagitis. Edematous mesenteric fat (arrows) is seen in proximity to the cecum. Normal appendix was shown in this patient (Figure 8 ).
The finding is compatible with right colon appendagitis.
Figure 12
: Same patient as in Figure 9 . Bowel inflammatory disease on CT in a patient with acute appendicitis. Cecum and terminal ileum with thickened walls (arrows) and adjacent peritoneal fluid (F) confirm Crohn's disease. An appendicolith (lateral right arrow) is seen at the base of the inflamed appendix, (shown in Figure 9 ). adults from 1994 to 2005. [6] The mean sensitivities for CT and graded compression US were 91% and 78% respectively. The respective mean specificities for CT and graded compression US were 90% and 83%. In a head-to-head comparison, CT offered a better test performance than graded compression US in diagnosing appendicitis. Therefore, CT is recommended in patients suspected of acute appendicitis. However, taking into consideration the drawbacks of radiation exposure in young, female and slender patients, graded compression US is recommended as the primary diagnostic test in these patients. Based on 26 studies in children and 31 studies in adults from 1988 to 2004, Doria et al found the pooled sensitivity and specificity for US in the diagnosis of appendicitis in children to be 88% and 94% respectively, and for CT studies, 94% and 95% respectively. The pooled sensitivity and specificity for US studies in the diagnosis of appendicitis in adults were 83% and 93% respectively, and for CT studies, 94% and 94% respectively. CT had a significantly higher sensitivity than US in both children and adults. However, the drawbacks of radiation exposure associated with CT should be considered, especially in children. [7] Methodological shortcomings in both of these studies, however, could influence reported diagnostic test accuracy.
In our present review, we selected studies performed from February 2006 to March 2011 comparing graded compression US and CT performance, using surgery or clinical follow-up as the standard reference. The results are presented in Table 1 .
Poortman et al developed an imaging diagnostic pathway using US as the primary test. [22] Contrast-enhanced MDCT was complementary to a negative or inconclusive US study. Of a total population of 151 adult patients suspected of appendicitis, 79 patients diagnosed by US as positive [20] A: Adults, C: Children, A&C: Adults and Children, Pr: Pregnants, *CT after negative or indeterminate US study for appendicitis were directed to appendectomy and 72 negative or inconclusive patients diagnosed by US proceeded to MDCT. Appendicitis was diagnosed by CT in 21 patients. An alternative diagnosis was made in 12 patients and no source of abdominal pain was found in 39 patients. In this study, the sensitivity and specificity for CT were 100%, and for US, 77% and 86% respectively. The described strategy yielded a negative appendectomy rate of 8%. Although less accurate than CT, US can be used as a primary diagnostic modality avoiding the disadvantages of CT.
Gaitini et al conducted a retrospective study to evaluate the diagnostic accuracy of color Doppler US and contrastenhanced MDCT in 420 adult patients referred from the emergency room with clinical suspicion of appendicitis. [23] All the patients underwent graded compression US and color Doppler of the right lower quadrant. CT was performed in 132 patients due to inconclusive sonographic findings or a discrepancy between clinical and sonographic diagnoses. Sonography and CT correctly diagnosed acute appendicitis in 66 of 75 patients and in 38 of 39 patients, respectively, and correctly ruled out acute appendicitis in 312 of 326 and in 92 of 92 patients. Sonography was inconclusive in 17 of 418 cases and CT, in one of 132 cases. Sonography and CT allowed alternative diagnoses in 82 and 42 patients, respectively. The sensitivity and specificity of US were 74% and 97% respectively, with a 93% negative predictive value, while CT had a sensitivity and specificity of 100 %and 99% respectively, with a 100% negative predictive value . The positive predictive value and accuracy for sonography were 88% and 92% and for CT, 97% and 99%. Due to its high negative predictive value (93%), US should be used as the first imaging test in adult patients for the diagnosis of appendicitis and triage of acute abdominal pain, reserving CT as a complementary study for selected cases.
Cuschieri et al, of the Surgical Care and Outcomes Assessment Program (SCOAP) collaborative group evaluated the relationship between negative appendectomies (NA) and negative CT/US over a two year period (2006) (2007) . [24] The number of patients who underwent urgent appendectomies was 3540. The percentage of patients who underwent imaging as part of their diagnosis was 86%. Agreement between imaging and pathology findings was 92.3% for CT and 82.4% for US. There was a significant increase in the use of CT/US and decrease in NA over the study period (P < .0001). Variation between hospitals was linked closely to CT/US accuracy, suggesting that CT/US accuracy should be considered a measure of quality in the care of patients with presumed appendicitis.
US is widely used for the diagnosis of appendicitis in pediatric patients due to concerns regarding risks from exposure to ionizing radiation. In a recent paper, Wan et al analyzed cost-effectiveness of US versus CT in young children based on a decision analytic model using costs, utilities and probabilities. [25] US was the least costly but least effective strategy. US followed by CT was the most costly but most effective strategy. The most costeffective method was to start with a US study and follow negative US studies with a CT examination. This strategy is in concordance with the previously published study of Garcia Pena et al. [26] Pregnant patients present a special population, and clinical and laboratory findings lack specificity for the diagnosis of appendicitis in pregnancy. An unnecessary laparotomy increases the risk of pre-term contractions, while delay in the treatment of appendicitis leading to perforation increases fetal mortality to 6-37%. [4, 5] Pedrosa et al investigated the role of MRI in 148 pregnant patients suspected of appendicitis in lowering the negative laparotomy rate (NLR) and the perforation rate (PR). [20] US was performed before MRI in 140 patients. An oral contrast media was administrated to facilitate identification of the appendix in MRI examinations. US had a low sensitivity (36%) but an excellent specificity (99%). The sensitivity and specificity of MRI were 100% and 99% respectively. Among the patients with a negative diagnosis for appendicitis, the normal appendix could be visualized on US in less than 2% (2 of 126) of cases and on MR in 87% (116 of 134) of cases (P < .0001). The use of MR imaging yields favorable combinations of NLR and PR compared with values previously reported in the literature. With MR imaging, the radiation exposure associated with CT examinations is avoided.
Ultrasound, computed tomography and magnetic resonance imaging: Advantages and disadvantages
A comparison of methods for imaging appendicitis is presented in Table 2 .
The main advantage of US over CT is the lack of ionizing radiation, which is most important in the pediatric and young adult populations, among which appendicitis occurs Figure 16 : Imaging strategy for the diagnosis of acute appendicitis. Imaging should start by graded compression US. A positive US is enough to proceed to surgery or percutaneous drainage of a peri-appendicular abscess A negative US showing the normal appendix may end the investigation and lead to patient discharge. An indeterminate US, whether neither the normal nor the inflamed appendix is seen may lead to follow up or a repeated US if the clinical suspicion is low. CT or MRI in pregnant must be performed when the clinical suspicion is high. An alternative condition should be treated accordingly. more frequently, and who are most vulnerable to radiation's detrimental effects. [27] [28] [29] [30] [31] In the pediatric population, US also obviates the need for sedation or general anesthesia. US may be considered as an extension of the physical examination: patients can point to the region of tenderness and graded compression US may elicit a rebound with an increased sensation of pain. Contrast media ingestion, with a consequent delay in surgery, or contrast injection, carrying risks of allergic reaction and nephrotoxicity, are not required for US examinations. US may not only diagnose an abscess or phlegmon in perforated appendicitis but can also guide percutaneous drainage. Several alternative conditions, especially in the female pelvis, may be diagnosed on US examination. [2] [3] [4] The main disadvantage of US is its operator dependence. US success depends on the knowledge, skill, and patience of the examiner. [32, 33] US has a lower sensitivity compared to CT for the diagnosis of appendicitis. [6, 7, [22] [23] [24] 33] However, with a high prevalence of the disease and a strict protocol, a sensitivity and specificity of 98.5% and 98.2% respectively was achieved for the US diagnosis of appendicitis in children. [31] The inability of US to properly scan a gas distended bowel or an obese patient, and lack of demonstration of a normal appendix, especially when retrocecal or deeply situated in the pelvis, may lead to indeterminate or false negative exams. In pregnant patients, identification of the appendix using compression US is more difficult to achieve. [4, 5, 20] The main advantage of CT for the diagnosis of appendicitis is its high sensitivity and specificity [ Table 1 ]. [32] [33] [34] Marked advancements in CT technology over the last decade have led to excellent image quality.
The main disadvantage of CT is the radiation exposure, especially important in the radiosensitive pediatric and young adult appendicitis-suspected population. [35, 36] Allergic reaction and nephrotoxicity risks of iodinated contrast media injection, delay in the diagnosis and therapy due to time invested in ingestion of contrast media, higher cost and lower availability, particularly in small or peripheral centers, are further disadvantages of CT. Operator dependence related to CT protocols and radiologist skills for correct performance and interpretation are also limitations of CT exams. [33] The main advantage of MRI in pregnant patients is in avoiding radiation exposure to the fetus. MRI is less operatordependent than US, lacks exposure to intravenous iodinated contrast media, and may afford alternative diagnoses, such as ovarian torsion or renal obstruction. [20, [37] [38] [39] MRI disadvantages reside in a longer examination time, limitations related to claustrophobia and metal devices, low availability, and higher cost.
Ultrasound, computed tomography or magnetic resonance imaging for the diagnosis of acute appendicitis?
Guidelines for the diagnosis of appendicitis are needed, related to choosing which is the optimal patient-tailored imaging modality to begin with, and an algorithm for further imaging procedures, if required. According to the present review, imaging of a patient of any age suspected of appendicitis should start with a graded compression US examination. A positive, good-quality US when there is a strong clinical suspicion is enough to proceed to surgery. A negative US exam for appendicitis, where the normal appendix is clearly visualized, or alternatively, when the appendix is not seen but the clinical suspicion for appendicitis is low, may end the investigation, leading to patient discharge or follow-up. Furthermore, if an alternative diagnosis for the clinical presentation is reached, treatment of the alternative condition will be followed. A negative or indeterminate US exam in a non-pregnant adult with a high clinical suspicion of appendicitis must be followed by CT. In pregnant patients, a negative US with a high suspicion for appendicitis should lead to an MRI examination. [38] [39] [40] [ Figure 16 ]. In the pediatric patient, a second US examination, especially when the first was performed by a less experienced professional, may render definitive results, while avoiding CT radiation risks.
This approach seems to offer excellent accuracy, with reported sensitivities of 94% to 99% and specificities of 94% to 95%. [7, 32] 
CONCLUSION
Imaging is increasingly important in the diagnosis and management of appendicitis, avoiding unnecessary interventions and delay in treatment that may lead to perforation. US and CT are not competitive but complimentary modalities. US may be accepted as sufficiently accurate for clinical decision making. US findings must be considered in conjunction with the clinical evaluation. If these guidelines are followed, the number of CT examinations performed will be considerably reduced. Clinical guidelines defining the use of each particular imaging modality allow uniformity, a targeted approach for different patient populations, and cost-effectiveness of medical services.
